ABSTRACT: Annual variability and trends in winter wheat yields were evaluated for relationships to climate in 6 long-term experiments (in total 1915-2005) and regionally in 3 counties in southern and central Sweden. The annual yield was predicted as function of a climate index and year. Alternative indices were used based on either monthly temperatures or yield predicted by a simple weather-driven crop growth simulation model. The main results were as follows. (1) The yield predictions were better for regions than for the long-term experiments. (2) The time variable accounted for more of the yield trend in regions than in the experiments, and more in southern than in central Sweden. (3) The models based on a simple temperature index were often better yield predictors than the growth model. (4) The relations to winter temperatures became gradually weaker after ca. 1970. (5) The yield relation to simple temperature indices differed between locations, similarly for experimental and regional yields. (6) The strongest influence of climate was estimated by means of the growth model predictions of regional yields in Gotland County. (7) The fraction of regional yield trends ; ranging from 57 to 90 kg ha -1 yr -1
INTRODUCTION
Projected climate change in Sweden is expected to affect agricultural crops so that both production potential and required inputs per unit area will increase (cf. Eckersten et al. 2007a Eckersten et al. , 2008 . Adaptation measures, such as increased fertilisation and pest control, will increase the pressure on the environment and should be balanced against the benefit of increased crop yields. Quantification of climate change impacts on crop yield forms a base for assessing the needs for and effects of adaptation measures. Some process-based crop models can potentially predict climate change effects on yield (cf. Torriani et al. 2007 ); however, due to the lack of data on required inputs and validation, few of these models (cf. Berntsen et al. 2006 , Jaggard et al. 2007 have been tested against long-term crop yield observations available for the last century. Instead, simple climate indices have commonly been tested against long-term yield data. Hence, to make climate change impact assessments, we can choose among using models ranging from simple climate indices (cf. Chauhan et al. 2005) of high applicability and known predictability but low generality, to detailed, process-based models (cf. Ritchie & Otter 1985 , Mearns et al. 1992 , Olesen et al. 2000 , Eckersten et al. 2007b ) with potentially high generality and which account better for variability, but with low applicability and unknown or low predictability (cf. discussion by Challinor et al. 2009 ).
Long-term analysis of crop yield interactions with weather was already a common research topic in the first part of the 20th century; for example, Hallgren (1947) quoted more than 100 references, of which 7 were Swedish. These investigations were on the whole applied only to limited areas, and their general applicability over space and time was unknown. Due to current climate change, there is renewed interest in the analysis of long-term records of crop production in relation to climate. During 1901 During -1941 , the mean annual temperature increased considerably (0.03 to 0.04°C yr -1 ) both in southern (Alnarp, close to Lund) and central (Ultuna, close to Uppsala) Sweden (Hallgren 1947) , and the rate was comparable with the current increase rate since 1970 and in projected climate change scenarios for the 2000s (Intergovernmental Panel on Climate Change: www.ipcc.ch). Despite the climate change in the early 1900s, trends in long-term yields of winter wheat from controlled experiments were almost nil in southern Sweden (1890 -1917 Wallén 1920) and slightly negative in central Sweden during the first half of the 1900s (1915 -1947 Torssell 1953) . These observations were made in carefully managed experimental plant breeding plots by the Swedish Seed Association, with constant fertilisation and on the same type of soil year by year. On a regional basis, however, winter wheat yields doubled during the period 1881-1910 in Malmö-hus County in southern Sweden, whereas in counties of central Sweden, yield trends over this time period were either nil or very modest (Wallén 1917) . During the latter part of the 1900s, trends of increased crop production have been regarded as mostly influenced by technical development, increased nutrient input and plant breeding, among other factors (cf. Ragasits et al. 2000) . Based on these historical relations, the technical factor is assumed to dominate over the climate change effect in scenarios of future crop yields (cf. Ewert et al. 2005) . However, there are indications during the last decades that these historical trends are not easily generalisable (cf. Peltonen-Sainio et al. 2009a) .
Correlations between regional yields and monthly means (or sums) of temperature and precipitation for winter wheat during 1881-1910 in all Swedish counties revealed a varied picture (Wallén 1917 (Wallén , 1920 . Among 3 counties, the largest range in the correlation coefficient (r) was found for Gotland (an island in the Baltic Sea; + 0.70 to -0.55), being positive from August to March and most positive for January. In summer, r was negative and most negative for June. In Uppsala, central Sweden, r was lower but more often positive and most positive for February (+ 0.50). In Malmöhus County, southern Sweden, the correlations were lower (r ranged from + 0.25 to -0.35). Positive correlations to winter temperatures (January-April) were also found for the following period, 25-50 yr before 1942 (Hallgren 1947; cf. Arrhenius 1926) . Response of winter wheat yield to weather factors differed between varieties, and the high-yielding varieties showed high inter-annual variation; however, differences among crops were greater (Torssell 1953) .
In attempts to include weather variables other than temperature and precipitation in the regression models, January snow depth, June solar radiation and August temperature accounted for 62% of the inter-annual variance in winter wheat yield for a 30 yr observation series in Finland (Hollins et al. 2004 ). In Denmark, there was a positive effect of higher temperature in October, November and January, a positive effect of radiation in April and a negative effect of increased precipitation in July, and the effects of radiation and precipitation were comparably large (Olesen et al. 2000) . Earlier studies have thus indicated large differences in simple climate indices to yield relationships between regions and crops and some differences among varieties.
The purpose of this work was: (1) to evaluate the predictability of winter wheat yield over time using simple climate indices (including a simple crop growth simulation model), and (2) to compare the climate relations to yield of long-term experiments with those of regional commercial production.
MATERIALS AND METHODS
We compared applications of simple temperature indices with simulations of a simple growth model in 3 different climate and agricultural regions of Sweden. We did not consider varietal differences because we prioritised evaluations over long periods, during which varieties changed. Furthermore, we focused only on winter wheat in crop rotation experiments where it is grown with the same preceding crop in all years. We made the analyses for both long-term experiments, which are strongly influenced by local conditions, and regional yields, which represent averages of a large spectrum of local conditions and include influences of the agricultural market and policies (cf. Bakker et al. 2005) . By comparing data from different periods, we revealed a base for speculation of shifts in importance of weather-dependent processes influencing winter wheat yield in Sweden. There is also a possible link between variations over time and space, as climate differs within Sweden and has changed systematically during the studied periods. In an analysis of the spatial differences and yield trends in wheat in southern and central Europe, Bakker et al. (2005) pointed out the risk of confounding effects. They found strong relations to climatic, soil and economic variables, and that their relative influences on yield overlapped. In our study, we evaluated the relative effects of climate and time on yield through multivariate regressions with climate index and year as explanatory variables.
Climatic indices were tested for their relations to yield variations in long-term agronomic trials and regional statistics. The software used for a flexible development and application of the different models was programmed in Matlab/Simulink (MathWork 2005; see also Eckersten et al. 2001 ).
Yield data
Data from rain-fed long-term agronomic field trials at Ultuna and Säby near Uppsala in central Sweden, Stenstugu near Visby on the island of Gotland, and Borgeby near Lund in southern Sweden were used in the model applications. The soil at Ultuna contained the most clay, and the soil at Stenstugu contained the least clay. The content of organic matter was lowest in Stenstugu and Borgeby, and the sand content was highest in Stenstugu (Table 1) .
Yield data of winter wheat were selected from the experiments for categories with the same crop rotation, fertilisation and preceding crop. A selection of variety was omitted, as it almost always resulted in too short periods for a model test. The selection was in some cases also limited by incomplete weather data (Table A1 in Appendix 1). However, different crop rotations were found not to have had significant influence on the yield relation to climate, and on the trends, as evaluated by preliminary tests (data not shown), and were not further addressed, although they are given in Table A1 .
Further, regional winter wheat yield of 3 counties were studied. In comparison to the other regions, Uppsala County (central Sweden) had a fairly dry summer climate and predominantly postglacial sorted clay soils. Gotland County (island in the central Baltic Sea) had sunny and dry summers and fertile till soils on calcareous bedrocks, and Malmöhus County (southern Sweden) had a warm and humid climate and fertile till soils (cf. Eriksson et al. 1997) . Yield data were taken from the national survey of commercial cultivations (Statistiska centralbyrån [Statistics Sweden]: www.scb.se; cf. Torssell et al. 1986 ) and represent average yields of the whole region ( Table 2) . The analyses ended in 1996 because the statistics of Malmöhus thereafter merged into that of a larger region. The area cultivated with winter wheat significantly increased in Malmöhus County but decreased in Gotland. In Uppsala County, the variation between years was high and the trend was not significant from 1965 to 1996; however, thereafter there was an increasing trend (Table 2) .
Climate index models
Climate indices (X i ) were derived for different functions of weather variables (Table 3) . Two contrasting indices were applied: one quite simple based on 'monthly' temperature sums (no base temperature), and one more complex taken equal to the simulated yield by a growth model accounting for variations in temperature, solar radiation, water availability and plant biomass development (Table 3 ). The 'monthly' temperature sums from January until 28 August were estimated for 30 d periods starting from 1 January. The sums of the rest of the year were estimated for 30 d periods starting from 31 December and going backwards.
The growth model (FOPROQ) was originally developed for leys (cf. Angus et al. 1980 , Torssell & Kornher 1983 , Torssell 1989 , Fagerberg & Torssell 1995 but later developed to predict ley and maize yield in practical farming in Germany (Herrmann et al. 2005a,b) . The daily growth (dW/dt) of aboveground biomass (W) is basically proportional to the maximum relative shoot growth rate (R s ), but reduced by an age factor (AGE) and a weather-dependent index (GI ): ) and b Age (dimensionless) are parameters. GI is the product of indices for temperature, incident solar radiation and the soil water availability, respectively. The water availability equals the difference between accumulated precipitation and evapotranspiration plus the initial soil water content (see Herrmann et al. 2005a) . The model includes fewer functions than more detailed simulation models predicting winter wheat yield (e.g. Weir et al. 1984) basically simulating light interception, net carbon dioxide assimilation, transpiration, nitrogen uptake, partitioning of biomass and nitrogen among leaf, straw, root and grain, leaf area and root depth development, maintenance respiration and development stages modifying the rates of many of these processes. This type of model was regarded as not applicable here due to the many parameters and few data. The FOPROQ model considers only a few main parts of the more detailed winter wheat models. Autumn and winter growth was not simulated, as the simulation started in spring. The relative growth rate (W × R s ) corresponds approximately to the carbon dioxide assimilation, including leaf area development, and the AGE function to the reduction in these processes as phenological development proceeds. GI is partly similar to the detailed models except for solar radiation, which in the detailed models drives the carbon assimilation. The FOPROQ model simulates only aboveground biomass and not grain yield, implying an implicit assumption of the harvest index being constant (cf. Hay & Porter 2006) . In summary, the FOPROQ model is expected to consider in particular the effects of variations in spring and summer weather on aboveground biomass yield.
Model applications
The daily weather data used for the climatic indices were taken from the national network of weather stations provided by the Swedish Meteorological and Hydrological Institute (www.smhi.se/en) for the city nearest the long-term experimental sites (Table 1) , and in the case of Uppsala, from the Ultuna climate station (SLU 2009a) . In the case of missing values on individual days, data from the previous day were used twice. For longer periods up to 1 wk, data were replaced by linear interpolation over time. For missing periods longer than 1 wk, data were taken from a nearby climatic station without any modifications. These same weather data were used as input for the climate indices applied to regional yields for the corresponding region ( Table 2 ). The annual mean temperature and precipitation sum for Uppsala, Visby and Lund for 1968-1996 were 5.6°C and 575 mm, 7.0°C and 558 mm, and 8.1°C and 687 mm, respectively. The excess rain in Lund compared to the other sites was mainly due to high precipitation during winter, and the lower annual precipitation in Visby was mainly due to dryer summers. The monthly average temperatures were basically the same for all locations during summer, whereas Uppsala was considerably colder during winter, and Lund was warmer during spring (Table A2 in Appendix 1).
For the growth model (FOPROQ), 3 parameters (Eq. 1) and the initial soil water content were calibrated for each of the 6 datasets (Table A3 in Appendix 1). The target for the simulations was the observed yield, and the parameter values were estimated by optimisation for the maximum coefficient of determination (R 2 ). The requirement of a high number of targets and the limited dataset did not allow for cultivar and pre-crop specific calibrations, although the model parameters are believed to depend on these characteristics. For the growth model, the R 2 -values ranged between 21 and 62% (Table A3) , and 5 to 10% of the long-term experimental samples were cancelled in the calibration due to extremely low observed yields, regarded to be caused by factors other than those accounted for by the model. The criteria for cancelling an observation were a large difference among replicates, notifications of disturbances (e.g. birds), but also subjective judgements. The start of growth was set equal to the day when the accumulated sum (since 1 January) of temperatures > 0°C became larger than 160 degree days (°D) (estimated as 100 °D less than the calibrated value for observed sowing dates at all sites in the corresponding experiments of spring crops; data not shown). The initial biomass on that day was set arbitrarily to 25 g dry weight m -2 (similar to observed corresponding values in Kiel, Germany; data not shown) and was the same for all years and all sites. Thus, the growth model simulations did not consider winter impacts other than time for start of growth in spring. The initial soil water content (Q Init ) was firstly set in accordance to soil type (Table 1; this was the only way soil characteristics influenced growth) similar for all years but was later calibrated for Table 3 . Tested climate indices. T: daily mean air temperature each site to alter the impact of water availability. The physically unlikely high Q Init values for Ultuna and Borgeby had no effect other than practically cancelling the influence of water conditions, and the high value for Uppsala County implied a strong reduction of the water influence (Table A3 ). The observed harvest dates in the experiments were also assumed to be valid for the regional evaluations.
Model evaluations
The model evaluations aimed to give quantitative measures of the influence of the climate index and time, respectively. Statistical significance was evaluated for the hypothesis that the climate index and time coefficients (b and c) were equal to 0. In this way, the following questions were answered: (1) Did the yield (Y) change linearly with time during the period (Eq. 2)? (2) Did the climate index (X) change linearly with time during the period (Eq. 3)? (3) Can the effect of time on yield be distinguished from the effect of climate on yield (Eq. 4)?
where t is year, X i is climate index and a, b and c are coefficients. The statistical tests of b tX and c tX were performed using partial sums of squares. The p value of b tX is a measure of the importance of t in addition to X i , and the p value of c tX is a measure of the importance of X i in addition to t. To evaluate the model performance over longer periods, for which the generality of the above linear models was questionable, Eq. 4 was repeated for moving 25 yr periods (using periods shorter than 20 yr influenced the R 2 Adj value; see Discussion). A model of high generality would then give high statistical significance (low p values) and constant a, b and c values for all periods. This approach did not give any statistical tests of the equality of different periods, but gave a quantitative measure of how a, b and c changed over time. Also, the p values were evaluated this way, and periods with significant relations to time and climate index could be separated from periods of non-significance. Increasing values of b and c would indicate an increasing influence of time and the climate index, respectively, and low p values would indicate a high statistical significance of this result. A 25 yr period was accepted only if data of 20 yr were available.
The predictability of models was evaluated by means of the adjusted coefficient of determination (R 2 Adj ) in linear regressions with the observed yield as the dependent variable and time and/or X i as the independent variable(s). The significance of a hypothesis being rejected was expressed by the p value (%) denoted p bt , p bXt and p ctX for Eqs. (2), (3) and (4), respectively (in the figures, the values for 100 -p are given). In cases where >1 yield observation was available for a single year, the average value was used in the statistical analyses, made with the JMP program package (SAS Institute 2007).
RESULTS
The winter wheat yield of long-term experiments increased significantly over time at Stenstugu, and also in Ultuna and Borgeby for some periods (Eq. 2; p bt ≤ 5% in Table A4 in Appendix 1), but not at Säby and for periods before 1950 at Ultuna. The regional yields increased significantly during 1965-1996 in all counties. For the climate indices based on temperature alone, February at Säby, February+March at Ultuna and April temperatures in Gotland (Visby) and Malmöhus (Lund) Counties increased significantly over time, whereas the June temperature in Gotland decreased significantly (Eq. 3; p bXt ≤ 5% in Table A4 ).
The climate index based on the growth model increased significantly over time in all cases except Borgeby. In the following analyses, these trends in yield and climate indices were not considered explicitly. Instead, trends influenced the time and climate coefficients (b tX and c tX ) of the model predicting yield as a function of both time and the climate index (Eq. 4). If the variation in yield could be explained by the climate index, c tX was significantly different from 0.
Long-term experiments
For the 29 yr period at Ultuna, the February temperature index was significantly and positively related to the yield (p ctX ≤ 5.0%; Table 4 ). At Borgeby, January, March and August temperatures all showed significant relations to yield. At Stenstugu, only the July temperature was significantly related to yield, with high temperatures related to low yields. The time coefficient was significant in almost all cases for Stenstugu and Borgeby, but in no case for Ultuna. The model for Ultuna based on the growth model index showed the best predictability of all models, but its predictability for Stenstugu and Borgeby was less than for the simple temperature indices (Table 4) . Also, the January-based temperature model at Borgeby showed high predictability; however, this was to a large extent also due to the time variable (p btX = 2%; Table 4 ).
When applying the climate and time model (Eq. 4) to moving 25 yr periods, the predictability based on February temperature was higher before 1980 than after (Fig. 1a) . The 2 Uppsala sites (Ultuna and Säby) and Borgeby showed a similar decrease over time for the predictability (R 2 Adj ), the climate coefficient (c tX ; Fig. 1b) , and the statistical significance of the climate coefficient (100 -p ctX ; Fig. 1c ). For the latter part of the period, the predictability was above 0 only for Ultuna but was mainly due to the time factor (data not shown). The time coefficients of the other 3 sites were significant before 1980, but not after. At Stenstugu, there was no significant relation to the February temperature (Fig. 1c) .
For the first half of 1900s at Ultuna, the yield relation to the February+March temperature sum was steadily significant, and the time factor did not improve the predictability of yield (Fig. 2a) . This result was achieved both for the Thule II cultivar and a land race (non-bred local variety), although the latter is regarded to be more frost tolerant (extra line in Fig. 2a) . After around 1980, the relation to February+March temperature gradually lost in significance, and model predictability became practically 0 (Fig. 2b) .
Regions
High regional winter wheat yields for the 32 yr period 1965-1996 were related to high winter and spring temperatures for Uppsala and Malmöhus Counties, although less significant for Malmöhus (Table 5 ). For the island of Gotland, the winter temperature was of less importance and instead high summer temperatures (June and July) were significantly related to low yields. Due to the strong relation to time, the model predictability (R 2 Adj(tX) ; Eq. 4) for Malmöhus County was essentially higher than for Uppsala and Gotland Counties ( Table 5 ). Relations to temperature and time were basically similar to those of the long-term experiments ( Table 4 ), except that they were more pronounced for regional yields.
The relations between March temperature and regional winter wheat yields in Uppsala were significant (100 -p ctX > 95%; Fig. 3a ) for all 25 yr periods. The predictability deceased from above 50% to 25-30%, and the climate coefficient (c tX ) decreased by half. The relation of yields to time was usually non-significant and varied considerably (Fig. 3a) . In comparison with long-term experiments (Fig. 1) , the temperature relations of the regional yields were more often statistically significant.
The climate index derived by the growth model predictions and regional yields in Gotland County showed a strong relation. The climate coefficient was statistically significant, and the model predictability was high (R 2 Adj(tX) = 45-60%) for the whole period (Fig. 3b ). For this model, the relation to time was not significant, indicating that the growth model predictions to a significant degree covered trends in yield. However, the climate coefficient (c tX ) decreased over time, indicating that the growth model predictions tended to overestimate yields in the latter periods. The predictability of the corresponding model for the long-term experiment at Stenstugu was lower (< 40%), and the relation was statistically significant only until 1985 (data not shown).
In Gotland County, the model based on the June temperature index had equally high predictability (the extra line in Fig. 3b) as that based on the growth model simulations. However, for the periods in the end (centred around 1993-1996) , the predictability (and significance) decreased to very low values. The largest difference compared with the growth model applications were that the time coefficient was strongly significant for almost all periods for the June model, whereas it was never significant for the growth model. If the June temperature index was replaced by the July index, the 4 last periods achieved high yield predictability (40-50%), and the climate and time relations were signifi- Table A1) cant. However, for the earlier periods, the predictability and significance were less than for the June model. For the model based on June+July temperatures, the predictability was lower throughout (data not shown). In summary, the strongest influence of climate was estimated by the growth model predictions of regional yields in Gotland County, in terms of the highest predictability (54%), high significance of the climate coefficient, low significance of the time coefficient and a stable value of the climate coefficient over years (±18%; Fig. 3b ).
Trends
The difference between the time coefficient of the yield being only a function of time (b t in Eq. 2) and the time coefficient of the time and climate index model (b tX in Eq. 4) is a measure of the climate influence on the trends. The climate index models revealing the highest significance and the models based on the growth model applications are evaluated for this difference in Table 6 .
The strongest effect of climate was found for the growth model application to Gotland County. The yield increased by 1.46% yr -1 , of which almost two-thirds could be attributed to the estimated climate factors (ex- plained by simulated increased water availability) and the rest to other factors. The time trend in yield was least in Uppsala County, and the relative contribution of the climate was lower than for Gotland. In Malmöhus County, the trends were strongest, especially in absolute values, and the contribution of climate was the least, both in absolute and relative terms (less than one-tenth). The relative trend (% yield change yr -1 ) of the long-term experiment of Stenstugu was lower than for the regional yields for Gotland (b t % in Table 6 ), whereas it was higher for Ultuna than Uppsala County, especially for the growth model (explained by changes in temperature and solar radiation).
DISCUSSION

Trends
The relations between simple temperature indices and yield examined in this study were similar to those for the end of the 1800s and the first half of the 1900s (Wallén 1917 , 1920 , Hallgren 1947 in that the strongest relations were found for Gotland County, and that winter temperatures were most important in Uppsala County (Table 5) . In Malmöhus County, the relations to temperature seemed more complicated. The most clear change over time was that a pronounced positive relation to high winter temperatures in Gotland disappeared in our study, i.e. by the end of the 1900s, and that the negative relation to summer temperatures (especially June) became stronger. At Ultuna, the positive correlation between yield and winter temperatures was stable during the beginning of the 1900s but became weak by the end of the century (Fig. 2) . However, at the county level, this decline was less clear (Fig. 3) Holmer (2008) suggested that winter length has a pronounced influence on yield at mean annual temperatures below 5 or 6°C, which corresponds to the climate of the Uppsala region (Table A2) , in which yields were most influenced by winter temperatures in our study.
Yield time trends in the long-term experiments were almost non-existent for the periods before 1915 (Wallén 1920) and at Ultuna until 1945 (Torssell 1953, this study) . For the latter part of the 1900s, the trends were positive at Stenstugu and Borgeby, whereas at Ultuna the trends remained non-significant (Table A4 ). In contrast, on the regional scale there were positive trends already at the beginning of the century in southern Sweden, and by the latter half of the century, these trends were also pronounced in Gotland (cf. Michael 2002) and Uppsala Counties, although they were still most significant in the south.
The positive time coefficients of most models were significant for regional yields. In addition to technical, socio-economic and other factors, these time factors were also influenced by a gradual increase in the atmospheric CO 2 concentration. However, this influence was expected to be of minor importance (cf. Berntsen et al. 2006 , Ewert et al. 2007 ).
Annual trends in regional yields from 1965-1996 ranged between 58 and 90 kg ha -1 , and for the longterm experiments, 57 and 63 kg ha -1 (Table 6 ). The trends were highest in southern Sweden in Mamöhus County and at Borgeby, but the contributions of climate were estimated to be only 9 to 13 kg ha -1 yr -1
(with the reservation that the model predictability was low). The estimated contribution of climate was higher in Gotland County and at Ultuna: 37 and 31 kg ha ; Peltonen-Sainio et al. 2009a ). However, our trends partly included effects of changed variety properties, e.g. frost tolerance.
Sites versus regions
Although many more factors were expected to influence the regional yields (cf. Bakker et al. 2005 , Jaggard et al. 2007 , Peltonen-Sainio et al. 2009b ) than in the controlled experiments, the climate indices improved model predictability more for the regional yields (Tables 4 & 5 ; Figs. 1-3) . A possible explanation is that commercial cropping was more adapted to utilise the climatic potential than the controlled and more fixed managed experiments. On a regional level, the effects of local disturbances are aggregated (cf. Górski & Górska 2003) and might be diluted, thus allowing for clearer climatic responses. However, we can easily find factors that certainly have disturbed the regional yield-climate relation in our study, where weather records of a single location were compared with the yield of the whole county. The approach was partly acceptable, however, as most areas under cultivation are relatively flat and the local temperature observations might be fairly representative of year to year variations on a regional scale. The meteorological stations were fairly close (1 to 20 km) to the experimental sites and thus probably better represented the sites than the regions. The area cultivated with winter wheat varied from year to year, especially in Uppsala County (Table 2) , where the area was almost 0 in 1982 and 1985 (in 2000 the area was also small, and in Gotland it was almost 0 in 1986). In these cases, a spring crop probably replaced it, and the regional winter wheat yield statistics miss the strongest influences of unfavourable winters. The trend of increased area for winter wheat in Malmöhus and decreased area in Gotland would also have changed the soil conditions in a systematic way (Table 2) . Nevertheless, the regional yields were more strongly related to climate than the 127 Tables 4 & 5 (sites refer to 1968-1996 and regions to 1965-1996 yields of long-term experiments. This is in agreement with previous studies (cf. Bakker et al. 2005) , indicating that the influence of climate on yield is more complicated to predict on a local scale.
Evaluation strategy
By shifting from 1 moving 25 yr period to the next, 1 value out of 25 was changed. Nevertheless, in case of extreme values, this resulted in rapid shifts in the R 2 values (cf. Fig. 1a) . By using shorter periods of ≤ 15 yr, the R 2 values became very sensitive to single extreme values, whereas periods ≥ 20 yr gave more stable and similar results (data not shown). Hence the criteria used for selecting a certain period could strongly influence the evaluation of model predictability depending on extreme values. For this reason, we used a fixed and long period, whereas a very different approach was applied by Peltonen-Sainio et al. (2009a) , who selected 3 periods (1970-1980, 1981-1994 and 1995-2005) based on trends and technical and socio-economic factors. Since the 25 yr periods partly included the same years, we could not statistically evaluate the difference between periods; we could only show that yield was significantly related to the climate index for some periods, but not for others. For this reason, as an alternative approach for investigating changes in the yield to climate relation over time, we applied a model similar to Eq. 4 into which was added a term for time by climate interaction (d × t × X i ). By this model, significant levels (p < 5%) of changing relations over time were found based on November and June temperatures at Ultuna, January temperature at Stenstugu, September temperature at Borgeby, and the growth model-derived index at Borgeby. February temperature relations were less significantly changed over time (p ranged from 12 to 22%), thus not confirming the statistical significance on a 5% level of the changed relation between February temperature and yield shown in Fig. 1 . In no case was the interaction coefficient (d) significantly different from 0 for the relations to regional yields (data not shown).
Yield trend studies in Finland by Peltonen-Sainio et al. (2009a) used 5 yr averages. Applying annual values, as in our study, gives extreme values a greater influence and possibly decreases predictability compared to the higher aggregated approach (cf. Bakker et al. 2005) . A good fit of averaged values might also reflect a possible relation between yields and preceding crop. Menzhulin et al. (2009) (Table 5) . It should be noted that our predictability included effects of trends, whereas their study compensated for trends. For Gotland County, the summer temperatures were significant for both studies; however, their application also made use of November and February temperatures, and May and June precipitation (R 2 Adj = 0.66). For Malmöhus County, both studies revealed a more varied relation to monthly temperatures than for the other counties.
In summary for our study, the climate and time model (Eq. 4) based on the growth model simulations improved the yield predictability in Gotland County, compared to all other applications (Table 5 ). In this case, the climate coefficient (c tX ) was significant and fairly constant over time (Fig. 3b) . Also, the time coefficient was non-significant, indicating that the climate factor to a large extent explained the changes over time. Thus, the model evaluates the climate factor to be important in comparison with other factors, and the model might be regarded as being applicable to climate change assessments in Gotland County, if the water availability remains an important factor. In contrast, the growth model did not improve the predictability for Malmöhus County, suggesting either that the variation in summer conditions was of less importance, or that a correct parameterisation would need more data, or that an alternative model structure (e.g. Berntsen et al. 2006 ) would be needed for climate change assessments of winter wheat yield in this region (cf. discussion by Challinor et al. 2009 ).
CONCLUSIONS
A major part of the positive winter wheat yield trend in Gotland (island in the Baltic Sea), and a substantial part in Uppsala County (central Sweden) were estimated to be due to a changing climate. In Gotland, this might be explained by increased water availability, whereas in Uppsala County, by increased winter temperatures. However, the changing climate contribution to yield trends in southern Sweden was estimated to be small (1 exception). For all regions, the relationships to winter temperatures seemed to become weaker over time. The relationships also differed among regions. For climate change assessments of winter wheat yield in central Sweden in the near future, the growth model considering temperature, solar radiation and water conditions during spring and summer would also include processes of overwintering (cf. Bergjord et al. 2008) . For assessments in southern Sweden, the current growth model would need to be recalibrated, changed or replaced. 1961-1996 1964, 65, 71, 75, 78, 83, 85, 94, 95 a Ordinary large manure application 
